INTRODUCTION
============

The complexity of interactions that form a biological community produces a suite of community attributes that may be correlated with ecosystem function. The number or abundance of taxa and the relative taxonomic composition of communities are important bases for understanding the role of biodiversity in ecosystem function ([@R1]--[@R4]). In addition to identifying which constituents compose a community, the species interactions within a community dictate the types and magnitude of potential ecosystem goods and services, and network analysis can be a powerful tool in describing these interactions ([@R5]--[@R7]). Disproportionately large strides have been made in the social sciences in applying network analysis to solve problems ([@R8]), and ecological network analysis is arguably still comparably in its infancy. Efforts to apply network analyses to ecological systems largely focus on simplified interaction matrices representing antagonistic relationships (food webs) ([@R5], [@R6], [@R9], [@R10]) with a few exceptions that focus on mutualisms (for example, plant-pollinator interactions) ([@R11]). Although conceptually simple in their execution, ecological networks based on abundance correlations simultaneously account for predicted and unexpected interactions to establish how species interaction networks result in a particular ecosystem function, such as reducing pest abundance.

Agroecosystems represent the dominant biome on Earth \[25 to 40% of land is devoted to agriculture ([@R12], [@R13])\], and the importance of decisions made within farmland to both food security and health of the environment is well documented ([@R14]--[@R16]). Recent shifts in agricultural practices have resulted in altered pesticide use patterns and increases in prophylactic pesticide applications in several prominent crops ([@R17]--[@R20]), land use intensification, and landscape simplification ([@R21]--[@R23]), all of which threaten biodiversity in and near farms ([@R24]--[@R26]). Pests are major challenges to food security ([@R27]), and responses to pests can represent unintended socioeconomic and environmental costs ([@R28], [@R29]). Despite interest in key species within particular crops (for example, pests and their natural enemies), it is arguable that there remains a poor understanding of biological communities within agroecosystems and how community complexity contributes to ecosystem functions. For example, one plant species (*Zea mays*) currently occupies nearly 5% of the land surface of the contiguous United States (and 95% of certain counties) ([@R30]), and comprehensive bioinventories of the arthropod species that occur within this habitat throughout an extended region are scarce. This is despite the tremendous economic investments (we estimate that \$3.2 billion was spent to manage maize pests in the United States during 2013) that are input into maize fields to manage insect communities. With few exceptions, agroecosystems have escaped study by formal network analyses ([@R31]); as a case in point, none of the 313 food webs compiled into two comprehensive databases ([@R32], [@R33]) focused on agroecosystems. The prevalence and importance of maize and its pest complex to agriculture make this a good agroecosystem to focus on for understanding what components of biodiversity affect pest proliferation.

RESULTS
=======

Here, we explore how the structure of a diverse arthropod community \[37,185 arthropod specimens segregated into 106 operational taxonomic units (OTUs)\] affects pest abundance on actual maize farms (53 operating farms were inventoried). Species diversity within the arthropod community is negatively correlated with pest abundance on maize farms. Specifically, pests declined as species diversity (Shannon *H*: *F*~1,51~ = 8.18, *N* = 53, *P* = 0.006) and community evenness (*J*: *F*~1,51~ = 9.03, *N* = 53, *P* = 0.004) within a community increased ([Fig. 1](#F1){ref-type="fig"}). Species richness (*F*~1,52~ = 0.38, *N* = 53, *P* = 0.54) and total non--pest abundance (*F*~1,52~ = 0.29, *N* = 53, *P* = 0.59) were not correlated with pest abundance on these farms. This research suggests that it is not the number or abundance of species within a community, but rather the balance of species within these communities that contributes to pest suppression in maize fields. This confirms the importance of community evenness in pest suppression ([@R2]) and suggests that species diversity of the entire community \[not just higher trophic levels ([@R34])\] may contribute to pest suppression within realistic arthropod communities. To be clear, richness and abundance are integral components of diversity and have been correlated to specific mechanisms that contribute to pest management, for example, predation ([@R35], [@R36]). Nevertheless, more balance in the relative abundances of species within communities clearly influences pest proliferation.

![High biodiversity is correlated with low pest abundance in maize.\
(**A** and **B**) Here, biodiversity is measured as the Shannon Index (A) and community evenness (B). Each data point represents a single farm; the complete foliar arthropod community was identified at each field, and the pest abundance (*Diabrotica* spp., lepidopteran pests, and aphids) per plant (log-transformed) was enumerated.](1500558-F1){#F1}

There were strong trends in network characteristics that contribute to pest reduction within a community (fig. S1). On its most basic level, the total number of linkages among species \[total adjacency index (*m*): *F*~1,9~ = 9.71, *N* = 10, *P* = 0.01; *r*^2^ = 0.55; *y* = 184.73 − 63.68*x*\], the average number of linkages per species \[connectivity (*C*): *F*~1,9~ = 8.77, *N* = 10, *P* = 0.01\], and the average proportion of linkages per species relative to the number of linkages possible in a network \[average degree (*d*): *F*~1,9~ = 5.72, *N* = 10, *P* = 0.04\] were negatively correlated with pest abundance ([Fig. 2](#F2){ref-type="fig"} displays connectivity and average degree). The proportion of taxa abundances not linked with other members of the community was positively correlated with pest abundance (*F*~1,9~ = 4.73, *N* = 10, *P* = 0.06; *r*^2^ = 0.37; *y* = 0.17 + 0.07*x*). We interpret this as another metric of network strength; unconnected species within the network weaken the overall degree and connectivity of the network. Species diversity or evenness within a community was not correlated with average degree (*H*: *F*~1,9~ = 0.87, *N* = 10, *P* = 0.37; *J*: *F*~1,9~ = 1.13, *P* = 0.32), indicating that although networks are inherently reliant on aspects of species diversity and evenness, network characteristics operate independently of species diversity in affecting pest populations ([@R9], [@R31]). The results demonstrate that more cohesive species networks, for example, those that have more significant correlations between species' abundances, have fewer pests. Moreover, networks that have more taxa that do not respond numerically to other taxa in the community have greater pest populations.

![Increasing network linkage strength and reduced pest populations in maize.\
(**A** and **B**) Here, network strength is represented as the average proportion of linkages per species relative to those possible within the network (degree; A) and the average number of linkages per species within the network (connectivity; B). The entire foliar arthropod community was described on 53 maize farms, and pest abundance (*Diabrotica* spp., lepidopteran pests, and aphids) per plant was recorded. Farms were assigned to 1 of 10 groups based on their pest abundance (*n* = 5 to 6 farms each), and pairwise Spearman correlation tests were conducted for all taxa within the community; linkages were assigned to significant coefficients. Error bars represent SEM. Connectivity (Randić connectivity index) is a network-wide metric, so variance is not applicable.](1500558-F2){#F2}

A deeper exploration of the network topology reveals that the distribution of these linkages within the network also influences pest abundance. Specifically, networks with high variation in the number of linkages per species, divided by the maximum variation that a network can have (degree centralization; *F*~1,9~ = 4.98, *N* = 10, *P* = 0.05; [Fig. 3](#F3){ref-type="fig"}), are associated with higher pest abundance. This was also true for networks that had an asymmetrical distribution of linkages that resulted in a few highly connected central species (*F*~1,9~ = 4.98, *N* = 10, *P* = 0.05; *r*^2^ = 0.39; *y* = 6.00 − 1.34*x*). Three other metrics of centrality were also measured: closeness centrality that accounts for the number of linkages required for a species within the network to reach another species in the network; eigenvector centrality measures not only how connected a focal taxon is but also how connected its nearest neighbors are; and betweenness centrality, which measures how many distinct groups of taxa (components) are created when linkages are randomly removed from the network. Low-average eigenvector centrality (*F*~1,9~ = 3.67, *N* = 10, *P* = 0.09; *r*^2^ = 0.31; *y* = 0.053 − 0.0064*x*) and low closeness centrality (*F*~1,9~ = 7.18, *N* = 10, *P* = 0.03; *r*^2^ = 0.47; *y* = 0.07 − 0.012*x*) were correlated with higher pest abundance in a community. Given the importance of closeness centrality, it was surprising to find that average path length (or the number of links required for a species to reach another in the network) \[mean (SEM), 1.65 ± 0.24 links; *F*~1,9~ = 0.78, *N* = 10, *P* = 0.40\] and maximum path length (4.60 ± 0.67 links; *F*~1,9~ = 1.03, *N* = 10, *P* = 0.34) within a network were uncorrelated with pest abundance. Betweenness centrality of a network (0.014 ± 0.007; *F*~1,9~ = 1.24, *P* = 0.30), the number of distinct components of species (*F*~1,9~ = 1.83, *N* = 10, *P* = 0.21), and the size of the largest component (the component within the network with the greatest set of connected species) (*F*~1,9~ = 1.64, *N* = 10, *P* = 0.24) were not tied to pest populations. There were a few large components and many small components of species within each network; the mean (SEM) number of components was 21.40 ± 1.56, and the mean largest of these per network contained 18.84 ± 2.61% taxa. This characteristic has previously been shown to increase the stability of ecological networks based on trophic interactions ([@R37]). The lower centrality we observed in these networks is in contrast to ecological networks based on other interaction types, which often display strong asymmetry in the degree magnitudes among species ([@R38]). In sum, ecological networks with compact subnetworks containing more centrally connected species with highly connected neighbors have fewer pests (fig. S1).

![Network centralization is associated with fewer pests in maize.\
The entire foliar arthropod community was described on 53 maize farms, and pest abundance (*Diabrotica* spp., lepidopteran pests, and aphids) per plant was recorded. Farms were assigned to 1 of 10 groups based on their pest abundance (*n* = 5 to 6 farms each), and pairwise Spearman correlation tests were conducted for all taxa within the community; linkages were assigned to significant coefficients. Network centralization is defined as a sum of the ratio of the variation in *d* for a species to the maximum variation in *d* in the network. Error bars represent SEM.](1500558-F3){#F3}

DISCUSSION
==========

Realizing that the number and topology of abundance correlations within the community network are associated with fewer pests allows the deeper exploration of specific antagonistic and mutualistic mechanisms that promote pest suppression and species conservation. Examples of diversity-dependent mechanisms that facilitate pest suppression include competition and predation ([@R39]), and shared physiological requirements for habitat and abiotic conditions also likely influence these abundance correlations ([@R40]). Predator diversity, species identity, species richness, community evenness, and niche compartmentalization all influence pest populations ([@R1], [@R34], [@R35], [@R41]). Direct or indirect herbivore competition for shared resources may also restrict the performance of a focal pest ([@R42], [@R43]). The resulting positive or negative connections between relative abundances of species are likely reflected in our network analysis. The reality is that interaction networks are complex, and unforeseen drivers of correlations in species abundances in scale \[for example, microbial symbioses ([@R44], [@R45]), landscapes ([@R24])\] and time (legacy effects of previous interactions) are likely overlooked when focusing on just one subset of interactions (for example, trophic interactions, pollination webs, a snapshot of abundance correlations). A central question that remains is why or how the number of linkages among species is inherently tied to pest performance.

The importance of the association of biodiversity and ecological network structure with low pest populations provides goals that can be targeted with sustainable cropping systems that require minimal inputs for pest management. Our research suggests that agronomic practices that promote high levels of arthropod diversity fundamentally require fewer agronomic inputs. For example, reducing tillage ([@R46], [@R47]), increasing vegetation diversity on farms \[for example, lengthening crop rotations, including cover crops in rotations, intercropping, managing field margins ([@R48])\], and developing minimal-till organic agriculture ([@R49]) should help increase biodiversity. Thus, the level of diversity and network strength and centrality necessary to reduce pest populations under varying crop production scenarios merits additional attention. Many factors influence regional and local pest populations in focal fields, including producer decisions \[for example, Bt crop planting ([@R50])\], cropping behaviors, and climates. These research results also provide mechanistic support to the notion that using pest management practices that reduce biodiversity and species interactions will create systems where pests will continually pose problems \[that is, the pesticide treadmill ([@R51])\]. A scenario worth further attention is the effects of Bt maize on these interactions; Bt maize eliminates or reduces target pest species, and due to its specificity, this pest management practice seldom reduces nontarget arthropod abundances ([@R52]). Thus, a pest management strategy that reduces a particular pest while preserving the local arthropod community could feasibly reinforce management benefits of other pests in the system provided by insect community structure and network strength. The effects of agronomic practices on attributes of network structure that are influential in reducing pest populations and the effects of species abundance correlations on other ecosystem goods and services remain important areas of future research. Finally, network and community structure change substantially over time, and other study systems and geographic regions may experience drivers different from those present in the maize agroecosystem of the Northern Great Plains. Thus, it might be expected that the spatiotemporal dynamics of community structure (how these communities change) could provide further insight to pest outbreaks.

METHODS
=======

Experimental design
-------------------

Maize fields (*N* = 53, \>1.6 km apart) were selected throughout a ≈95,000 km^2^ area in eastern South Dakota over two study years ([@R40]). Conditions in the fields represent a continuum of precipitation (from 400 to 660 mm annually), elevation (305 to 550 m above sea level), mean annual temperatures (4.4° to 11.1°C), Bt corn adoption rates (11 of 13 respondents from this study planted Bt maize elsewhere on their farms), crop rotation patterns (96% of 48 respondents from this study practiced a 2- to 5-year crop rotation), crop diversity in the surrounding landscape matrix (3 to 10 crop species planted within a 3000-m radius), proportion of the landscape devoted to cropland (4 to 79%; 3000-m radius), proportion of the surrounding landscape planted with maize (2 to 48%; 3000-m radius), and heterogeneity of habitats within the landscape (measured as Shannon *H*; 0.56 to 2.07; 3000-m radius). Thus, the extensive number of sites examined for this study was strategized to produce a range of distinct arthropod communities, although specific site histories were not always recorded at each site, and not every contingency or landscape characteristic was considered when selecting experimental sites. Non-Bt maize fields were at least 4 ha in size and received no insecticides or 0.25 mg of active ingredient per kernel of thiamethoxam or clothianidin. Non-Bt maize was specifically selected to allow the examination of undisturbed arthropod communities with intact pest communities. Recent high levels of Bt corn adoption reduce or eliminate some of the focal pests from the system ([@R50]), and the effects of pest and farm management practices on community dynamics are worthy of further study. Arthropods were sampled within 10 days of maize anthesis. Over 15 years of field experience, the authors have observed that the insect community is most robust during this period of the season \[the size of the plants is greatest at this point, maize pollen is attractive to a broad suite of taxa, and basal species in the food web (for example, aphids, thrips) become apparent\], and this is the only time during the season that most serious maize pests co-occur in the plant foliage. Maize plants (*n* = 50 per site) were collected at least 8 m from the field margin and dissected in situ. All arthropods on or in the plant were identified to the lowest taxonomic unit possible under field conditions. The numbers of each taxon and numbers of predators and herbivores per plant were subsequently estimated. The total number of pests (aphids, *Diabrotica* spp. adults, *Ostrinia nubilalis* and *Loxagrotis albicosta* preimaginal life stages, and *Trichoplusia ni* and *Helicoverpa zea* larvae) per plant was calculated for each farm. Population estimates showed that our site selection produced a range of pest populations at these sites (as examples, *Diabrotica* spp. ranged from 0 to 7.6 beetles per site, *O. nubilalis* ranged from 0 to 0.6 larvae, and aphids ranged from 0 to 52 per plant) ([@R40]).

Community characteristics
-------------------------

Species diversity (Shannon *H*), evenness (*J*), species richness, and total arthropod abundance were compared to pest densities on each farm using linear regression analysis. The 53 farms were divided into 10 groups (each with 5 to 6 farms) and a separate network was generated for each group. The farms were stratified according to pest abundance, where the first network had the five farms with the lowest pest density (fig. S1A) and the final network was composed of the five farms with the highest pest density (fig. S1B). Each network was constructed from significant correlations (Spearman rank) that were identified among the abundances of OTUs per species in each group of farms, and the linkage density (*L*; number of significant linkages per taxon) was determined. Adjacency index (*m*) of a network is the total number of linkages between species. Average degree (*d*) of a network is defined as 2*L*/*S* (where *S* is the number of taxa in the network). Connectivity (*C*) of the network was measured using the Randić connectivity index, or the sum of 1/(*d*~i~*d*~j~)^1/2^, where *d*~i~ and *d*~j~ are the degrees of two linked species. Components (or compartments) of each network were defined as distinct, unconnected clusters of species. Four metrics of network centralization were calculated. Degree centralization of a network is calculated as the variation in the degrees divided by the maximum variation in degrees that a network can have. Under this metric, a network with greater discrepancies in its range of *d* is considered more centralized. Closeness centrality of a specific taxon is the number of species within a network divided by the sum of all linkages (path length) between the focal taxon and all others in the network. We calculated the average closeness centrality for each network. Eigenvector centrality ranks centrality on the basis of how many linkages a taxon has, but also considers how connected its most adjacent neighbors are. The eigenvector centrality of a vertex is a measure of the extent to which it is linked to vertices with high eigenvector centrality. Finally, betweenness centrality (also known as robustness) considers centrality as how many components are created by deleting certain taxa from the network.

Statistical analysis
--------------------

All network parameters were generated with algorithms used in Pajek64 (version 3.14, <http://pajek.imfm.si/>). Mean *m*, *d*, *C*, and centrality metrics per group were regressed with the mean pest abundance (log-transformed) in each group using least squares linear regression analysis. The mean species diversity (*H*) and evenness (*J*) per group were contrasted with *d* using linear regression analysis. Values are considered significantly different when α \< 0.10, and all statistics were conducted using Systat 13 (Systat Software Inc.).

J. Fergen, E. Opuku, T. McDonald, M. Bredeson, C. Kruse, M. Longfellow, R. Schmid, and A. Walter helped gather and collate the arthropod collections. Mention of trade names or commercial products in this publication is solely for the purpose of providing specific information and does not imply recommendation or endorsement by the U.S. Department of Agriculture (USDA). **Funding:** This research was funded by USDA-AFRI (Agriculture and Food Research Initiative) award 2010-85605-20552 and USDA--National Institute of Food and Agriculture--Biotechnology Risk Assessment Research Grants project SDW-2012-01639. **Author contributions:** J.G.L. and S.W.F. contributed equally to all aspects of this research project and manuscript preparation. **Competing interests:** The authors declare that they have no competing interests.

Supplementary material for this article is available at <http://advances.sciencemag.org/cgi/content/full/1/6/e1500558/DC1>

Fig. S1. Species networks representing the maize arthropod communities with lowest (A) and highest (B) pest abundances.
